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ABSTRACT

In this study, the feasibility and application of a solid propulsion
powered spacecraft concept to implement high-energy missions independent
of multiplanetary swingby opportunities are assessed and recommendations
offered for future work. An upper-stage, solid propulsion launch vehicle
augmentation system was selected as the baseline configuration in view of
the established program goals of low cost and high reliability. During the
study, a new high-mass-fraction solid motor staging design, the conesphere
motor concept, was conceived, and its anticipated performance predictions
further enhanced the candidacy of the solid propulsion baseline configuration.
A class of missions of increasing scientific interest was identified and the
attendant launch energy thresholds for alternate approaches determined.
Spacecraft and propulsion system data that characterize mission performance
capabilities were generated to serve as the basis for subsequent tradeoff
studies. A cost-effectiveness model was used for the preliminary feasibility
assessment to provide a meaningful comparative effectiveness measure of
the various candidate designs. The results substantiated the feasibility of
the powered spacecraft concept when used in conjunction with several
intermediate-sized launch vehicles as well as the existence of energy margins
by which to exploit the attainment of extended mission capabilities. Addition-
ally, in growth option applications, the employment of advanced propulsion

systems and alternate spacecraft approaches appear promising.
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I. INTRODUCTION

With the advent of the Pioneer I and G and the Outer Planets Project
flights, the exploration of the outer planets will have begun. An increasing
scientific interest will also be developing in more detailed investigations
within the solar system as well as exploration beyond its outer fringes.
Hence, a need exists to evaluate advanced propulsion system concepts for
implementing these missions and to identify advanced technology develop-
ments required to bring the attendant propulsion capability to fruition. The
advancement of propulsion technology has historically proven to be a long-
lead development item. In order to ensure the availability of a suitable pro-
pulsion system in a time frame coincident with projected mission needs, itis

imperative that mission application studies be instituted at an early date.

To this end, a preliminary study was initiated by the Propulsion Divi-
sion of the Jet Propulsion Laboratory to investigate the use of energetic
chemical rocket systems as a means of effecting reduced trip times for high-
energy missions independent of multiplanetary swingby opportunities. The
specific objective of this study was to evaluate the potential of utilizing a
solid rocket powered spacecraft concept to augment standard launch vehicle
performance and achieve the development of early, low-cost solar escape
probes. This class of mission was selected as being one which could test the
utility of such a propulsion concept. An outgrowth of the study included a
characterization of the required solid motor propulsive system as well as a
delineation of the advantages and disadvantages of the most promising designs

in comparison with alternate approaches.

Included in the study was an analysis of the requirements for the solid
propulsion stages, propulsion technology, mission and spacecraft, and inter-
face development. Although the study focused on the determination of solid

propulsion stage and propulsion technology requirements, it was also
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necessary to investigate related peripheral areas such as mission,

spacecraft, and interface development in order to lend credence to the

results derived.

Ground rules under which this study was conducted included the con-
straints of (1) ballistic trajectory, (2) Jupiter swingby as an alternate to
direct flight, (3) use of standard launch vehicles, and (4) limitation of the

science package to particle and field measurements only.

Based upon the results of past studies and intuitive engineering judg-
ment, a solid propulsion approach was selected as the appropriate baseline
configuration for evaluation in light of the established program goals of low
cost and high reliability. It was notintended for the results of the study to
demonstrate that a solid propulsion system was the only feasible method of
implementing this design approach. Rather, it was anticipated that solid
propellant rocket motors would provide a suitable representative propulsive
system for evaluating the gross feasibility of the powered spacecraft concept
accomplishing a given class of missions, and for identifying critical technol-

ogies that must be addressed during the advanced development phase.

In addition, as the study progressed and the payload and launch energy
margins of competitive systems were characterized, a wider spectrum of
sophisticated scientific missions that might also be candidates for this con-

cept were identified for consideration in future studies.
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JI. SUMMARY

A class of missions of scientific interest was identified in which there
is a need for a simple, energetic propulsion system. A representative
scientific payload and spin-stabilized spacecraft necessary to implement
these missions were determined and their weight and power characteristics
established. Parametric data were developed to interrelate solar system
escape capability as a function of payload, solid motor spacecraft escape
propulsion performance, and basement launch vehicle characteristics. Pro-
gram goals for mission flight times were also established in an attempt to
capitalize on the spacecraft and electronics technologies that would be devel-

oped as a result of the Pioneer and Outer Planets Project flights.

Candidate launch vehicle assemblies were assessed as a function of
their launch energy output in meeting established program goals. Perfor-
mance characteristics of state-of-the-art and advanced technology solid pro-
pulsion capabilities were included in the assessment of competitive powered
spacecraft configurations. A cost-effectiveness assessment model was used
as the basis for the preliminary feasibility study. The performance charac-
teristics of the more promising designs were compiled and their out-of-
ecliptic performance capabilities determined. The advantages and disadvan-
tages of this simple, low-cost mission were determined in comparison with

alternate systems.
The study produced the following conclusions:

1. The gross feasibility of adapting solid propulsion to the powered
spacecraft concept to accomplish solar escape and out-of-
ecliptic missions in conjunction with existing and projected base-

ment vehicles has been substantiated.

2. There are no apparent operational or technological limitations
that would severely hamper the mechanization of this conceptual
approach based upon a conservative estimate of technology

advancements.

3. Launch energy margins exist for each of the selected propulsion
system assemblies to accommodate nominal perturbations in

ground rule constraints and to exploit evolutionary growth options.

JPL Technical Memorandum 33-534




4. Embodiment of advanced technologies and innovations such as the
high-mass-fraction motor and advanced data management techniques should

greatly enhance the spacecraft/mission capabilities.
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III. APPROACH

The technical approachadopted during this study included implementation

of the following tasks:

1. Establishment of representative payloads for direct solar system

escape and for probes utilizing Jupiter swingby.

2. Determination of solid motor characteristics for both current and

advanced technology configurations.
3. Selection of representative launch vehicles for analysis.

4. Development of parametric solar system escape and out-of-the-
ecliptic capability for varying payload, solid motor character-
istics, number of stages, and launch vehicles. Evaluation of
the benefits of advanced solid motor designs for this application,

advantages and disadvantages of Jupiter swingby, effect of stag-

ing, etc.
5. Formulation of solid motor size and technology requirements.
6. Determination of the advantages and disadvantages of this simple,

low-cost mission in comparison with alternates.

A. Concept Description

The concept depicting launch vehicle augmentation with a simple ener-
getic four-stage spacecraft escape propulsion system is illustrated in Fig. 1,
employing a space shuttle as the basement launch vehicle. However, this
conceptual approach could be implemented equally well through the use of
several existing intermediate-size launch vehicles (i.e., Titan IIID (7/
Centaur family of vehicles). Furthermore, this approach would be equally
applicable to any future missions, such as solar escape probes, out-of-
ecliptic probes, and rendezvous encounters, in which energetic propulsion

capability will be required to reduce mission flight time to reasonable values.

Potential benefits to be derived include early exploration of regions
beyond the solar system which are of significant scientific interest. In addi-
tion, if the concept proves feasible, it could provide for solar escape mis-
sions without the need for development or utilization of expensive launch
vehicles. Thus, the concept offers the advantages of achieving early, low-

cost missions with reduced flight times and high reliability.
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The effect of augmenting standard launch vehicles is illustrated in
Fig. 2. A displacement-flight time histogram associated with solar escape
threshold, corresponding to a vis-viva energy level (C3) of ~152 kmz/sz, is
defined by the upper solid curve. As depicted in the figure, the use of stand-
ard launch vehicles as energetic as the Saturn V booster alone is still inade-
quate for placing a 272-kg (600-lbm) payload into a solar escape mission.
The C3 output for a shuttle with a Centaur upper stage also falls short of
realizing a solar escape mission for an identical spacecraft payload (i.e.,
C3 = 144). In contrast, the addition of a four-stage solid spacecraft escape
propulsion system to a standard Titan IID/Centaur (STR)/BII (2300) launch
vehicle provides a sufficient vis-viva energy level to yield solar escape mis-
sions for the representative payload selected and flight times of the order of
10.5 years out to distances as far as 40 AU. Shorter flight times of ~6.3
years are achievable to 40 AU with Jupiter swingby. Similarly, it can be
shown that the substitution of a four-stage solid spacecraft escape propulsion

system for the Centaur upper stage on the shuttle makes the launch vehicle

assembly capable of implementing an equivalent solar escape mission.

As a major study program objective, C3 goals of 152 and 250 kr:nz/é‘2
were adopted for Jupiter swingbys and direct flights, respectively. At these
launch energy levels, trip times on the order of 10 years or less can be
anticipated to the outer fringes of the solar system. These trip times are
comparable to, or better than, the flight times derived from multiplanetary
swingby opportunities. In selecting flight times on this order, the mission/
spacecraft would capitalize upon the spacecraft and electronics technologies
that may have been developed as a result of future missions such as the

Outer Planets Project.

B. Methodology

The methodology adopted during the conduct of this study included the
generation of parametric data interrelating mission flight time tf, distance
from the sun D, and vis-viva energy level C3 (Fig. 3a). Once these launch
energy thresholds were established, candidate launch vehicles wereassessed
in light of their C3 output (Fig. 3b) as a function of number of stages n and
PL" The

most promising launch vehicles underwent a further staging velocity optimi-

characteristic propulsion payload mass (i.e., spacecraft mass) M

zation study (Fig. 3c) to determine the maximum C, output possible as a

3
function of staging velocity and n. Influence coefficients were formulated

JPL Technical Memorandum 33-534




to identify critical parameters and to facilitate future tradeoff studies
(Fig. 3d). An effectiveness measure criterion, mission worth, was also
formulated as a function of mission profile (Fig. 3e). From the foregoing
relationships, a plot that interrelates mission worth vs. time of flight and
C3 levels (Fig. 3f) for the various candidate launch vehicles was constructed.
Corresponding relationships between cost, number of stages, and gross
stage weight MO (Fig. 3g) and reliability, flight time, and number of stages
(Fig. 3h) were also established and used to assess the cost-effectiveness

rating of candidate designs (Fig. 3i).
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IV. MISSION/SPACECRAFT REQUIREMENTS

A. Spacecraft Investigations

Spacecraft investigations are anecessary to size the payload weight,
which in turn sizes the multi-staged solid propulsion systems that are of
primary interest in this study. Scientists and spacecraft engineers at JPL
and Ames Research Center who are familiar with particles and fields experi-
ments and spacecraft design were interviewed so that representative pay-
loads for solar system escape probes could be defined. Additionally, space
regions of primary interest to the scientific community were identified
(Fig. 4). These regions include (1) the Lyman-alpha region (where evidence
of hydrogen leakage into the solar system from the interstellar medium has
been observed) and (2) the sun's apex about the galactic center. Specific

phenomena of scientific interest are:

1. Ionization of neutral atoms, beginning at a distance of about 5 AU

from the sun.

2. Cosmic-ray and magnetic field interactions, also beginning at
5 AU.
3. Solar wind shock formations, which could be located from 30 AU

to larger distances.

There is scientific interest in these phenomena out to distances as far as
100 AU, which should, therefore, represent the maximum probe distance for

purposes of this study.

A typical science package capable of carrying out the necessary experi-
ments has been identified (Table 1), and consists of a helium vector mag-
netometer and plasma and cosmic-ray measurement devices. Corresponding
component weights and power requirements estimated for the baseline science

package are also given in Table 1.

Table 2 identifies the characteristics of a growth scientific package,

whose addition in toto should enhance mission return by a factor of 2.

The weight of the attendant spacecraft necessary to implement these
meaningful scientific experiments has been estimated (Table 3). It is antici-
pated that the spacecraft would be spin-stabilized and carry radioisotope

thermoelectric generators (RTG) as the primary power source. In the
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operational state, the generators would be deployed at the end of booms,
well beyond the perimeter of the antenna reflector, to reduce the radiation
environment within the equipment compartment and the magnetic influence
of the RTGs on the magnetometer. An attitude control system consisting of
monopropellant hydrazine thrusters would also be included to provide the
necessary thrust vector alignment, communication pointing, guidance cor-
rections, and despin maneuvers. The spacecraft would be equipped with a
complete telemetry and data handling system, which would generate a data
stream containing the output of scientific instruments and spacecraft equip-
ment measurements. Major subsystems comprising the spacecraft are indi-
cated in Table 3 along with their weight assignments. Gross spacecraft

weights ranging from 258 to 408 kg (600 to 900 1bm) have been predicted.

Although the scientists appear to prefer a spinning particles and fields
science package, it is not mandatory that the spacecraft be spinning. A
spinning spacecraft may be preferred, however, because of the resulting
simplification to both spacecraft and solid stage design (i.e., elimination of
gyro package, attendant logic, flight computers, etc.). The disadvantages
of a spinning spacecraft include a degradation of the doppler cycle count and
hence, spacecraft position determination. A spin-stabilized vehicle would
further detract from the quality of active imaging devices that may be con-
sidered as a future evolutionary growth potential. Although there are several
options available to the spacecraft designer to alleviate image smear, such
as shortening exposure time, reducing vehicle spin rate, or providing some
form of image motion compensation, the incorporation of these innovations

is not without penalties.

B. Escape Propulsion Augmentation System

In order to establish the feasibility of this powered spacecraft concept,

the following questions must be addressed:

1. Can the powered spacecraft concept be utilized in conjunction
with standard basement vehicles to launch a low-cost particles

and fields spacecraft out of the solar system?
2. What are the payload capability and mass?

3. What is the optimum number of stages and the best basement

launch vehicle(s)?
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4. Should conventional or advanced solid propulsion technology be

used?
5. Should the payload be launched directly or with Jupite.  ingby?
6. How does the staged solid propulsion concept compare with other

methods of accomplishing the same mission?

7. Should the escape propulsion upper stage be guided or

spin-stabilized?

The resolution of the latter, for example, is contingent upon mission and
launch corridor considerations. Guided systems incorporate a complete
guidance package and active reaction control and are employed on missions
where good aim point accuracy is required. Spin-stabilized upper stages,
on the other hand, provide a means of achieving maximum AV but with
degraded pointing accuracy. In order to minimize the effects of thrust mis-
alignment, and to capitalize on the guidance capability of basement launch
vehicles, spin-stabilized powered spacecraft configurations would be guide-
spun in a spin table prior to upper-stage ignition. Even with these precau-

tionary measures, dispersions on the order of 1 deg minimum are probable.

For direct flights for which there are no stringent launch corridors,
the spin-stabilized configuration with a nominal spacecraft attitude control
system may be adequate. For the Jupiter swingby alternate, the aim point
accuracy requirements are more severe but do not necessarily place exces-
sive demands on the spacecraft midcourse maneuver system to effect the
necessary corrective maneuvers. In selecting the course corrective maneu-
ver system, a comparison must be made of gas dynamic thrusters as opposed
to electric propulsion systems. Because of the sustained nature of reaction
control offered by the latter, electric propulsion systems, such as ion and
colloid thrusters, may be superior to gas dynamic systems from the stand-

point of weight.

To facilitate the resolution of the staged solid propulsion system
requirements, a large body of parametric data was subsequently generated,
and analyses were performed. Various design options available were
assessed on the basis of state-of-the-art and advanced propulsion perform-
ance capabilities estimated. By evaluating the performance outputs on the
basis of tailored spacecraft propulsion motors, the maximum performance

envelope per payload weight can be established.
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To this end, solid motor characteristics for both state-of-the-art and
advanced technology propulsion system capabilities have been defined and/or
estimated and their performance data compiled. Typical performance data

utilized during the conduct of the study are given in Table 4.

In the parametric performance analyses, described later in the report,
the mass fractions of the state-of-the-art motors and the advanced technol-
ogy motors were lowered by 0.045 to 0.885 and 0.91, respectively, to
account for interstage structural weight and guidance and control weight.
Late in the study, when a new multi-stage propulsion concept using the
innovative '"conesphere motor' (see Appendix A) arose, motor mass frac-
tion was not determined because only the stage mass fraction was found to
be meaningful; the guidance and control weight was, of course, included in

its stage weight to keep the comparison on an equal basis.

To minimize the costs of solid propulsion stage development and flight
hardware delivery, a developmental method utilizing scaling laws is advo-
cated. In this approach, the smallest stage would be extensively investi-
gated and developed to establish the integrity of the basic design. All sub-
sequent stages would then be linearly scaled from the smallest unit, thereby
realizing a significant savings on the costs of development and flight hard-
ware delivery. This developmental scheme is by no means an innovation --

its rudiments can be traced to earlier solid motor test programs (Ref. 1).

By adopting this developmental approach, a savings on the order of
70% has been estimated for a four-stage 10, 600-kg (23, 500-1bm) spacecraft
propulsion system (Ref. 2) as opposed to those costs associated with conven-
tional developmental techniques. Thus, in contrast to the employment of
existing single-stage non-optimum motors or the probable use of multiple
non-optimum stages, this approach renders the development of tailored
solid upper stages a cost-competitive venture. Moreover, assuming the
high-mass-fraction conesphere motor development (Appendix A) proves suc-
cessful, stage mass fractions on the order of 0.935 would be technically
feasible. These advances, in comparison with the advanced propulsion tech-
nology capabilities predicted for conventional designs (Table 4), can be
expected to have a significant impact upon the gross stage weight (e.g., on
the order of 1435 kg (3163 lbm) for a typical Jupiter swingby mission) and

greatly enhance the overall mission/spacecraft capabilities.
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C. Launch Vehicle Considerations

In order to minimize the monetary impact of basement launch
vehicles, the list of candidate designs was limited to existing and projected
intermediate-sized vehicles. For this study, the basic launch vehicle per-
formance data given in the OSSA Launch Vehicle Estimating Factors Hand-
book (Ref. 3) were used as the basis of performance evaluation. Data given
for existing launch vehicles were checked against those supplied by the
launch vehicle contractors and basic users. Load factors, fairings, and
other constraints were similarly determined and found to be compatible with

other available data.

To facilitate the feasibility assessment of candidate propulsion system
designs, a 16% decrement in payload lift capability was assumed to accom-
modate anticipated mission-peculiar weight assignments such as inert sup-
port structures (e.g., spin table, increased weight of interstage adaptors,
launch guidance inerts), launch window constraints, and the like. Thus the
lift capabilities determined were representative of useful payloads assessed

to the powered spacecraft.

The inadequacies of existing launch vehicles were indicated earlier in
conjunction with the discussion of Fig. 2. In ensuing discussions, the inade-
quacies or marginality of incorporating state-of-the-art propulsion technol-

ogy in the upper stages will also be delineated (Section VA3).
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V. PROPULSIVE PERFORMANCE EVALUATION

A. Solar System Escape

1. Parametric Analyses. Parametric data characterizing the per-

formance capabilities of the spacecraft escape propulsion system were gen-
erated to serve as the basis for subsequent tradeoff studies. Figure 5 shows
the ratios of initial mass of the powered spacecraft to its payload (i.e.,
spacecraft) mass as a function of the total velocity increment AV provided by
the solid stages, and the number of stages. The curves are normalized with
respect to launch vehicle mass and are representative of a family of similar
curves produced by varying the specific impulse and mass fraction of the

stages.

To facilitate the conduct of tradeoff studies and to identify critical pro-
pulsion parameters, influence coefficients were formulated. The utility of
influence coefficients constructed during the course of the study is illustrated
in Table 5, where the effects of variations of independent variables such as

propulsion payload mass M total velocity increment V, specific impulse

Isp’ staging factor S(i.e., 1:1):11'1_le reciprocal of 1 minus the stage mass frac-
tion), and number of stages n on powered spacecraft mass M0 are tabulated
for a selected number of stages. Influence coefficients with large negative
numbers are most desirable; these imply significant reductions in gross
stage weight with slight improvements in independent variables. The effect
of stage number, for example, is rather pronounced but drops markedly with
increasing stage number. Hence, the more probable range of n is expected
to vary from ~3 to 5 in order to maximize the influence of this independent

variable.

The other single most influential parameter appears to be the staging
factor, which is directly correlatable to stage mass fraction. Note that,
unlike the stage number, the effect of the staging factor is relatively pro-
nounced over a wide range of stage number. It follows then that the develop-
ment of high-mass-fraction motors offers promise of a major improvement

in mission performance capability.

The effect of Isp is also important, but its measure is not as significant

as that of n or S.
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The sensitivity of spacecraft performance to stage mass fraction was
also computed to evaluate the significance of employing advanced propulsion
systems, such as the conesphere concepts (Appendix A), on transit time to
40 AU and payload. Figure 6 indicates the results when the launch vehicle
is a TITAN IIIC with a weight M0 in 185-km (100-nm) orbit of 10, 669 kg
(23,520 lbm), for a spacecraft with four stages of spacecraft propulsion and

a propellant specific impulse of 3001 Ns/kg (306 lbf-s/lbm).

Transit times for direct flights range from about 19 years for a stage
mass fraction of 0.86 down to about 11.9 years for a stage mass fraction of
0.96 when the spacecraft weight is held constant at 272.2 kg (600 b ). If
these times prove to be too long, Jupiter swingby missions could shorten
them by several years. Of course, the spacecraft must then be attitude-

stabilized with a capability for midcourse corrections.

The payloads in Fig. 6 are of interest for three specific cases--all for
a fixed transit time of 13.4 years. If state-of-the-art motors (without the
conesphere concept) were used, the stage mass fraction would be 0.885 and
the permissible payload 229.1 kg (505 lbm)--well below the 272.2 kg (600 lbm)
believed to be the minimum meaningful payload. If, alternately, the cone-
sphere concept and the carbon composites were used with only minor advance-

ments in technology, the mass fraction would become 0.907 and the payload

would rise to 272.2 kg (600 lb,,), the estimated minimum.

Finally, if the advanced all-carbon composite technology could be used
in the conesphere, then the resultant stage mass fraction of 0.935 would
increase the payload to 318.9 kg (703 lbm). It has been estimated that the
46.7 kg (102 lbm) increase in payload would approximately double the scien-
tific worth of the mission. It is of interest to note that there is growth poten-
tial in the design to increase the stage mass fraction above 0.935. In other
words, the designs evaluated are believed to be realistic and may prove to be

even better than indicated.

Figure 7 shows the effect of stage mass fraction on transit time to
40 AU and on payload when the shuttle is the launch vehicle with an MO in
185-km (100-nm) earth orbit of about 24, 720 kg (54, 500 lbm). Transit times
for direct flight and a 272.2-kg (600-1bm) spacecraft are quite reasonable,
ranging from 11.5 down to 9.3 years. Payloads, as would be expected, are

more sensitive than for the TITAN III, increasing from 272.2 kg for a stage
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mass fraction of 0.91 to 338.8 kg (747 lbm) for a mass fraction of 0.935.
The latter shows a payload increase of 58% over the 214.1-kg payload with

motors based on today's state-of-the-art.

2. Launch Vehicle Selection. In assessing the applicability of can-

didate launch vehicles, an initial screening of basement launch vehicles was
conducted assuming a 185-km (100-nm) orbital start. ILaunch vehicles con-
sidered in the analysis included Titan IIIB, Titan IIIC, and Titan IIID. (Both
the five- and seven-segment versions of the Titan IIIC and Titan IIID were
considered.) Upper stages included in the study were Centaur, stretched
Centaur, fluorinated Centaur, VUS, Burner II (2300), and TE 364. The shut-

tle was also considered as a candidate basement launch vehicle.

Table 6 presents a compilation of C, exceedances of solar escape for

the various candidate launch vehicle/uppei-stage assemblies considered for
payload weights of 272 and 408 kg (600 and 900 lbm). Also shown is the
launch vehicles' capability without the staged solid upper stages. Note that
several launch vehicles can provide for solar system escape without the solid
stages when the solid-stage mass fractions are 0.91. The tabulation is also
useful in determining crossover points (for the more energetic launch
vehicles) at which gains in C3 justify the employment of an upper stage. For
example, for the TIIID/Centaur (F)/VUS launch vehicle boosting a 272-kg
(600-1bm) payload, the crossover point occurs at the employment of a five-
or six-motor upper stage. Conversely, a gain in the employment of an upper
stage on the TIIID (7)/Centaur (F)/VUS is never realized, even for spacecraft

utilizing eight solid upper stages.

A representative plot of C3 output as a function of number of upper
stages and payload mass is presented in Fig. 8 for a Titan IID (7)/Centaur/
VUS launch vehicle. These data are based upon a 185-km (100-nm) orbital
start with advanced technology propulsion performance capability (i.e., solid
motor stage mass fractions of 0.91). Note that the solar system escape
threshold is readily exceeded for all reasonable values of stage number for
payload weights ranging between 272 and 408 kg (600 and 900 lbm)--values

corresponding to the probable range of spacecraft weight.

Comparative data relating the propulsive performance characteristics
of the space shuttle system were also generated assuming a 272-kg (600-1bm)

payload, 185-km (100-nm) orbital start, and advanced technology propulsion
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capabilities. The results of this exercise are tabulated in parametric form
(Table 7). The corresponding plot of C3 output as a function of gross upper-

stage weight and stage number is presented in Fig. 9. Note that the C3

energy level for solar system escape can be readily achieved over a wide

range of probable stage numbers. Additionally, the C, level corresponding

3
to direct flights (i.e., C3 = 250) is also within reach of the 27, 000-kg

(59, OOO-lbm) payload lift capability being assumed for one configuration of
the space shuttle system (Ref. 4) for powered spacecraft whose stage num-

bers are in excess of three.

3. Spacecraft Escape Propulsion System. The stage weight break-

down of representative solid upper stages was estimated, and the charac-
teristics formulated for a typical four-stage spin-stabilized powered
spacecraft configuration are presented in Table 8. Weight estimates made
for a representative four-stage powered spacecraft configuration are tabu-
lated against comparable subsystem weight assignments realized on BurnerII
designs in order to demonstrate the credibility of our assumptions. As noted
in the table, the spacecraft escape propulsion system is without a guidance
and autopilot package and an attitude control system. However, a tracking
and telemetry capability is retained by which the upper stage can relay pro-
pulsion system measurements to the ground station. Propulsive performance
capabilities denoted are based upon advanced technology propulsion proper-
ties estimated for aluminized solid propellant motors. Throughout the study,
an assumption was made that the propulsive characteristics of each stage
were identical and that each stage contributed an equal velocity increment so
as to facilitate the determination of optimum staged vehicle design

configurations.

The most promising launch vehicle/spacecraft escape propulsion sys-
tem assembly underwent a further staging velocity optimization study.
Results of this study for a representative Titan IIID (7)/Centaur family launch
vehicle with a four-stage upper stage and 272-kg payload is depictedinFig. 10.
Here, the staging velocity plotted on the abscissa is synonomous with base-
ment launch vehicle burnout velocity. With the use of state-of-the-art pro-
pulsive capability, the vis-viva energy level output falls short of achieving
the program goal of C3 = 250 for direct flights. Contrarily with the use of

advanced technology propulsive capability in the upper stage, it is possible to

exceed the C3 output goal over a wide range of staging velocities varying from
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~10-15 km/s. Moreover, because of the wide range over which C3 exceeds
the program goal, itis possible that the spacecraft designer may be able to
judiciously select operational conditions to obviate upgrading the structural
integrity of existing launch vehicles. For example, selecting the staging
velocities in excess of 14.2 km/s (corresponding to the base loading struc-
tural threshold) for the Titan IIID (7)/Centaur (STR)/BII (2300) launch vehicle
used in Fig. 10 eliminates the necessity for a very expensive redevelopment

and requalification program on the existing launch vehicle.

A similar comparison of the most probable basement launch vehicles
was made for both the baseline and alternate missions. The conditions for
maximum C3 output are summarized in Tables 9 and 10 for the direct flights
and the Jupiter swingby alternate missions, respectively. It should be noted
that in each instance, there is some margin in launch energy with which to
exploit payload weight and/or sophistication vs. time /distance traversed in

future tradeoff studies.

4. Cost Analysis. Cost data associated with the development and

delivery of flight hardware solid motors were also generated (Fig. 11).

Assumptions used to develop these data are summarized below:

1. Technology advancement or programs with a large number of

motors (curve I)

a. Programs are based on previous cost calculations of motors
where programs were stretched out in time or where speci-

fications changed during the program.
b. Documentation requirements are unusually great.

c. Flight motor and spares (4 to 8) are delivered. For pur-
poses of this study, the costs associated with this family of
curves were assumed applicable for the development of the

advanced technology propulsion capability motors being

evaluated.
2. Modified motor or scaled motor program (curve II)
a. Qualification program is small: five static test firings,

three at AEDC.

b. One inert and three flight motors are delivered.
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c. Twelve to 18 months delivery for motors 907 kg (2000 lbm)

or less; 18 to 24 months delivery for larger sizes.

d. No significant motor specification changes are assumed

after contract start.

e. Program includes typical temperature-cycling tests of
motors and firing at extreme temperatures at AEDC, and

spin balancing for motors where required.

f. Program does not include testing in a radiation environment,
thermal soak in vacuum chamber or other elaborate testing,

documentation, and program stretchout.

3. Production motor costs (curve III)
a. Limited order of 5 to 10 motors is delivered.
b. Costs are based on industry's past responses to RFQ.
c. No TVC or thrust termination is required.
d. Spherical or short cylindrical section motor using titanium

cases is assumed.

e. High-expansion-ratio nozzles are employed for vacuum
operation.
f. Costs are in 1971 dollars.

Upper-stage cost data as a function of number of upper stages were
generated for the anticipated range of gross stage weights and the results
plotted in Fig. 12. Note that the curves are relatively flat in each instance
and approach an asymptote rather guickly within the range of probable stage
numbers anticipated. Note also that this trend (cost-insensitivity) becomes
even more pronounced with increasing gross stage weight. Hence, as these
costs are added to those associated with the basement launch vehicle(s) and
mission-peculiar engineering and hardware costs, the effect of stage num-
ber can be expected to play a diminishing role in dictating an optimum cost-

effectiveness configuration in the higher-energy missions.

Costs associated with the standard basement launch vehicles were
extracted from Ref. 5. Corresponding costs of projected launch vehicles
were generated in terms of hardware and prorated annual support/launch

costs and the related needs for mission-peculiar engineeringand hardware
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costs reflected. A summary of the recurring and nonrecurring costs
estimated for the most promising basement vehicle assemblies is presented
in Table 11. All basement vehicles are assumed to be in existence, and the
nonrecurring costs are those associated with engineering and hardware costs
for the first-of-a-kind mission integration only. The space shuttle system,
however, is assumed to be uniquely burdened with amortized development
costs that are included in the nonrecurring cost column. Allowances are
made in the support portion of the recurring costs to include nonpropulsive

subsystems such as shroud, guidance, adaptors, and spin tables.

5. Effectiveness Measure. To interrelate the propulsive perform-

ance and the accomplishment of the scientific mission, an effectiveness
measure criterion was established. This criterion, mission worth, identi-
fies the increase of the scientific value of the mission with payload weight
(e.g., increased number of instruments) and with distance traveled from
the sun. A preliminary estimate of how the mission worth for the baseline
science package might vary with distance was made; the results are pre-
sented in Fig. 13. These are very preliminary measures of mission worth
which most scientists object to making; however, the worth estimates are

useful in that they allow optimization of payload and launch energy levels.

From Fig. 13 and other mission data, a plot was constructed to relate
mission worth as a function of flight time for the C3 levels corresponding to

direct flights and Jupiter swingby missions (Fig. 14).

6. Reliability Assessment. An estimate of the reliability charac-

teristics of representative spacecraft was made for the direct and swingby
alternate Jupiter missions (Figs. 15 and 16) by scaling comparable data
generated for the Grand Tour flights (Ref. 6). Here, the probability of
success in performing the basement vehicle operation is assumed to be 1.0.
The deviations between stage numbers were also estimated based upon inher-
ent reliability properties of large solid propellant motors (without thrust
vector control) reported in NASA-sponsored Failure Warning and Motor
Malfunction Studies (Refs. 7 and 8). It is important to note that the differ-
ences in reliability among candidate systems (i.e., systems of differing
stage number) diminish as greater reliability is achieved. Hence, for long-
term missions with equivalent performance alternates, reliability becomes

a less significant factor in candidate design selection. Conversely, for
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systems of differing performance equivalence (e.g., vis-viva energy level,
mission time, etc.), the differences can be expected to have a significant
impact upon the overall cost-effectiveness rating of the various competing

systems.

7. Cost-Effectiveness Assessment. The comparisons of candidate

designs on the basis of either performance, cost, or reliability individually
do not provide sufficient information to determine the competitive position of
the various design options. Cost-effectiveness techniques, however, provide
a means for combining these three parameters into a single variable, and
allow the determination of the design's relative merits based on a single
parameter (Ref. 9). In addition, the technique provides a means for deter-

mining the relative importance of performance, cost, and reliability inputs.

Cost effectiveness, defined as expected mission return for dollar

expended, is expressed as follows:

o - EY
T
where
P = spacecraft probability of success
W = mission worth
CT = total mission cost

Using the above expression and the parametric data developed, a cost-
effectiveness assessment of the various candidate designs was made for
select design "hard points'' capable of effecting the direct and swingby mis-
sions. The results of this assessment are summarized in Table 12 for vary-

ing stage numbers ranging from 3 to 5.

Note that the cost-effectiveness ratings of the various systems appear
to peak at n £ 4, and that the candidate systems available for the Jupiter
swingby mission all proved superior to the most competitive direct flight
options evaluated. Additionally, there are a few intermediate-sized basement
vehicles capable of performing the identical Jupiter swingby missionatamuch
higher cost-effectiveness rating than the space shuttle system. Notably, the

most cost effective system will be one that utilizes the Titan IIID (7) as the
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basement vehicle, followed by the Titan IIID, space shuttle, Titan IIIC (7),
and lastly, the Titan IIIC launch vehicle. The space shuttle system, because
of the great uncertainty associated with determining realistic recurring and
nonrecurring costs and deliverable payload, cannot as yet be properly

assessed.

In direct flights involving the employment of launch vehicle assemblies,
the rating of the space shuttle system fared somewhat better (second). How-
ever, if the projected costs associated with the space shuttle system lean
toward the high end of the anticipated cost range (as speculated by most
spacecraft engineers), its relative ranking could be further suppressed.
Although the assessment was conducted over a limited range of stage num-
ber, the trends established are believed to be valid and representative over
a wider stage number spectrum. Assuming functional equivalence, for con-
figurations of increasing stage number, the reliability rating drops corre-
spondingly, accompanied by a diminishing cost differential. At the lower end
of the scale, although the reliability rating of the overall vehicle increases
with decreasing stage number, its effect is more than offset by escalating
stage weight (as evidenced by the influence coefficients) and hence, rising
costs. Therefore, the occurrence of cost-effectiveness maxima between

stage numbers of 3 and 4 appears highly plausible.

Additional expository remarks, along with a typical example of a cost

effectiveness assessment computation, are presented in Appendix B.

B. Out-of-Ecliptic Capability

The out-of-ecliptic capability of the most promising launch vehicles
was evaluated to assess the versatility of adapting the staged solid approach
to other types of high-energy missions. The celestial latitudes and displace-
ments achievable were estimated on the basis of their maximum C3 output,
and the results are summarized in Table 13. For each candidate launch
vehicle, the characteristic velocity Vc corresponding to the maximum vis-
viva energy output is tabulated along with probable ranges of celestial lati-
tude displacement, radial distance from the sun, and possible mission flight
times. All performance predictions listed are based on a four-stage powered
spacecraft configuration, 272-kg (600-1bm) payload, and advanced technology
propulsion capability predictions. The range of out-of-ecliptic mission pro-

files listed represents the maximum celestial latitude accessible within the
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normal azimuth limits from the Eastern Test Range for nominal direct
out-of-ecliptic mission flights and the corresponding celestial latitude possi-

ble at a 10 AU radial distance from the sun.

As noted in Table 13, for launch vehicle assemblies that are relegated
to Jupiter swingby baseline missions, the maximum celestial latitudes possi-
ble fordirect out-of-ecliptic probes range from 25.5 to 28.6 deg. For direct
flight baseline configurations, the out-of-ecliptic capability rises to 32 deg mini-
mum. Further, by negotiating a Jupiter swingby maneuver, celestial latitudes in
excess of 84 deg are within the realm of capability (although the trajectories

will be more elliptic) for each of the candidate launch vehicle assemblies
listed.

C. Comparison with Alternates

Summarizing the previous discussion, the powered spacecraft concept
utilizing staged solids offers the advantages of achieving early, low-cost
solar escape missions with high reliability. For direct flights, a penalty is
paid in the degradation of spacecraft design sophistication owing to the pro-
pulsive system weight assignment that detracts from the '‘useful' payload.
However, these flights are detached from any celestial mechanics constraints

and provide more flexibility in the launch mode.

The Jupiter swingby alternate has the advantages of achieving an equiv-
alent mission with significant reduction in propulsive system weight assign-
ment. However, because of celestial mechanics constraints and the Jovian
environment, penalties are attached. For example, to acquire the regions
of scientific interest in the flight times specified, launch window and launch
year constraints are imposed. (Launch window constraints, however, are
not considered excessive inasmuch as favorable alignment of Jupiter occurs
in ~13-month intervals.) In addition, to negotiate a successful swingby
encounter, added corrective maneuver capabilities and /or vectoring accuracy
are required (in comparison with direct flights). Uncertainties in the Jovian
radiation model (both flux and energy levels) and encounter geometry further

detract from the mission return.

Because of exposure to the radiation environment at high fluence levels,
a permanent degradation in transmitted data is anticipated, and little improve-
ment is expected beyond Jupiter swingby. Although the addition of shielding

should offer some degree of protection against the low-energy particles, itis
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questionable whether any significant retardation of electrons or protons at
the higher fluence levels can be expected. The only alternative then is to
increase the altitude of closest approach and absorb a loss in gravity assist.
Since there is little restraint on the permissible escape corridor beyond the
swingby, a post-engagement corrective maneuver capability is not a

requirement.

By implementing these missions with solid propulsion stages, the pro-
gram goals of low cost and high reliability are readily achieved. There are,
of course, several alternate propulsive systems whose performance output
meets or far exceeds the mission requirements established. Among them
are liquid propulsion and solar electric propulsion (SEP) systems. Each of
these alternate propulsion systems has unique capabilities (e.g., the liquids
typically exhibit high flexibility and high Isp’ whereas the SEP is especially
suitable for three-axis stabilized spacecraft and inherently exhibits superior
vectoring accuracy,, and hence, is expected to be uniquely suitable to a given
class of mission. With the advent of more advanced scientific missions in
which added flexibility and/or vectoring accuracy becomes an increasing
requirement, the liquids are expected to surpass the solids, SEP to surpass

the liquids, nuclear electric propulsion to surpass SEP, etc.

Ground rules adopted for the study were selected on the basis of reach-
ing the outer fringes of the solar system in a time frame coincident with sus-
taining public and scientific interest and within the lifetime of spacecraft
hardware. Simply probing the regions selected at distances appreciably less
than 40 AU in a comparable time frame would not materially add to the knowl-
edge acquirable by Pioneer class or Outer Planets Project flights (although
these flights could readily be accomplished by existing vehicles and without
the need of a powered upper stage). With Jupiter swingby, the Pioneer
spacecraft is capable of solar system escape. However, the on-board pro-
pellant supply available to maintain earth lock limits the probable range of

telecommunications to a maximum of 12-15 AU.

Outer Planets Project missions can traverse much larger distances,
and the minimum science package associated with the one proposed configura-
tion is capable of performing fields and particles as well as planetology exper-
iments. Because of this capability mix, it is difficult to assess the relative

cost-effectiveness ratings between the baseline mission and a typical Outer
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Planets Project flight. Although the mission return from the latter is
substantial, the increase in program costs and celestial mechanics con-
straints is correspondingly pronounced. A basis of equivalence would be a
difficult criterion to formulate and was not attempted within the scope of this

study.

The only meaningful method of comparison between the baseline con-
figuration and alternate propulsive system approaches would be on the basis
of functional equivalence. Inherent properties of the alternate approaches do
not necessarily lend themselves to this basis of comparison. As previously
noted, SEP is characteristically associated with a three-axis-stabilized
spacecraft with relatively large and complex payloads (net spacecraft mass
approximately 400 kg or larger). The baseline configuration, on the other
hand, is typical of a smaller, spin-stabilized class of spacecraft, similar to
the Pioneer. Because of the basic differences in the carrier and their mode
of operation, a significant difference in spacecraft capabilities, require-
ments, and weights is anticipated. Although both the direct and gravity-
assist missions are within the performance capability of the SEP, the Jupiter
swingby alternate may be the most viable option because of the exceptional

savings in propulsive system weight.

More recently, the feasibility of a spin-stabilized SEP was postulated

(Ref. 10) for a similar outbound mission. In this study, it was concluded
that although the loss in power output may be as large as 30%, the spin-
stabilized configuration would be cost-effective. Weight savings realized
from the elimination of the thrust vector control mechanism for the spin-
stabilized version were offset by the weight assignment for the additional
solar array; however, it was generally concluded that the spin-stabilized
version would be lighter, cheaper, and more reliable than the more complex

three-axis-stabilized system.

The spacecraft application of a solar electric propulsion system
encounters new problems of configuration. These problems have been
studied extensively, and feasible solutions have been found (Refs. 11 and 12).
Basic to the configuration is the deployment of a large-area solar array ori-
ented toward the sun. In addition, the low-thrust ion engines must operate
for long periods of time, and care must be taken that the exhaust does not

interact with other on-board systems.
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D. Growth Options

The existing propulsive energy margins of the most promising launch
vehicle assemblies are expected to adequately accommodate small perturba-
tions in ground-rule constraints as well as to provide a limited margin for
evolutionary growth. However, as the ground rules and mission require-
ments become more demanding, alternate propulsion systems, basement
vehicles, and spacecraft approaches must be examined and their impact on

the resulting conclusions evaluated.

Potential growth options include application to solar probes, comet and
asteroid rendezvous, and outer planetary probe missions. The latter appli-
cation includes the possibility of utilizing a dual-mode operational spacecraft
capable of traversing regions of lower scientific yield as a spinner and later
activating a stable platform network to permit active imaging at the target
planet. Alternately, the added payload weight margin may be dedicated to
the delivery and deployment of subsatellites, landers, or planetary probes.
Subsatellites, for example, could conceivably be employed to map the radia-
tion belt about the target planet without actually penetrating the turbopause.
Independent of the baseline design, any added weight assignment to the
science package, data storage, or transmission modules should materially
add to the complexity of scientific experiments that could be considered for

missions to the outer fringes of the solar system.

To implement the more energetic mission growth options within a rea-
sonable flight time, added propulsive capability is required. The extension
of totally chemical basement launch vehicle capabilities is representative of

the coupling of the Saturn V/Centaur assembly with a four-stage solid escape

propulsion augmentation system. For spacecraft weights of 272, 408, and 680 kg

(600, 900, and lSOOlbm), vis-viva energy levels of 491, 442, and 382 krnz/s2
are achievable. The significance of these C3 energy levels is the realization
of traversing distances as far as 100 AU in flight times on the order of 15.6
to 18.1 years., Alternately, assuming a 10-year lifetime, the spacecraft
selected are capable of traversing 56 to 64 AU within that lifetime. Addition-

ally, with these launch energies, the spacecraft would be capable of negoti-

ating celestial latitudes of ~41-48 deg on out-of-ecliptic direct flight missions.

Similarly, by incorporating solar electric propulsion and a four-stage
solid chemical upper stage with the Saturn V/Centaur basement vehicle, the

following equivalent launch energy levels are possible:
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Spacecraft Weight Cj

kg (1bm) krnz/s2
272 (600) 549
408 (900) 495
680 (1500) 429

With these vis-viva energy levels, it should be possible to further reduce
triptimes outto 100 AU to ~14.8 to 16.4 years. Conversely, with a 10-year
lifetime, the identical spacecraft would be capable of traversing 61-67 AU
minimum within their lifetimes. Celestial latitudes possible at these higher
C3 levels would be correspondingly higher (i.e., ~44-55 deg) for direct out-

of -ecliptic missions.

E. Future Tradeoffs

The effect of C3 on mission flight time is illustrated in Fig. 17. At the
5 of 152 kmz/s2 and with direct
flight, it is possible to traverse distances out to 40 AU in flight times on the

solar escape threshold corresponding to a C

order of 19 years. With Jupiter swingby, the flight time is reduced to 8.3
years. With direct flight at a C3 of 250, the corresponding flight time is
reduced to 10.5 years, and with Jupiter swingby, to 6.3 years.

This plot was also useful in delineating major tradeoffs that must be
conducted during the performance of the study. In addition to describing the
propulsive requirements, it identifies the necessity to evaluate time of flight
vs. distance vs. reliability vs. data management techniques. The interre-
lationships of these parameters are grossly summarized as follows. Relia-
bility rating is a function of time of flight, weight (redundancy), and event
occurrence. Telecommunications is dependent upon transmission frequency,
data rate, distance, power, and, of course, the ability to maintain earth lock.
Distance becomes an overriding parameter in maintaining transmission to
the outer fringes of the solar system, simply because of transmission beam
dispersion. Power for flights beyond Jupiter will undoubtedly rely upon RTG
sources, whose system specific weight is estimated at ~70 kg/kW (154 1b/kW)
for flight times on the order of 10 years. The output of these devices istime-
dependent owing to the half-life properties of the nuclear power source. Addi-
tionally, a penalty is attached because of the remote isolation and/or shield-

ing that must be provided in spacecraft installations employing RTG devices.
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For flight times on the order of 10 years, a major portion of the
overall project costs may be attributable to mission operational costs during
flight. One method by which to impact these costs is through the use of
sophisticated data management techniques, including on-board data preproc-
essing, thresholding, compression, and storage, as well as modulating the

data transmission rate.

For example, the consensus of scientists interviewed was that the
transmission rate of scientific data should only be suppressed to the real-
time data rate threshold. Spacecraft designers, however, are of the opin-
ion that the data rate can be further suppressed by significant proportions
through the employment of on-board preprocessing techniques. Hence, the
corresponding scientific data rates at 40 AU may vary from, say, 1 to 4 bps
down to fractions of bps, depending upon the on-board capabilities incorpo-
rated. Therefore, for slight additions in spacecraft weight, large reductions

in ground station dedication and use may be realized.

Although the engineering data rate may still be the overriding param-
eter, its frequency of occurrence and duration are not expected to be of suf-
ficient magnitude to inflict any exhorbitant penalties or cause loss of scien-
tific data. Storage and subsequent burst transmission options provide further
means of circumventing this problem area. Notwithstanding, the incorpora-
tion of these and other data management innovations will have a significant
impact upon spacecraft design, ground station dedication, and overall pro-

gram costs.

In comparing the relative merits of direct flights and Jupiter swingbys,
consideration must be given to weighting celestial mechanics constraints
such as launch windows and launch years necessary to acquire the Lyman-
alpha region and the sun's apex. Additionally, the extent and period of
degradation in the particles and fields instruments due to the engagement of
the hostile Jovian environment should be weighed againstthe benefits of
gravity assist derived from the swingby. There is, however, some degree
of inherent protection against the high proton density due to possible built-in
shielding, uncertainties in the flux density, and field distribution. The
pointing accuracy requirement for swingby acquisition becomes quite severe,
but it is anticipated that the type of gravity-assist maneuver envisioned for

these missions can be successfully negotiated through ground station tracking
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and nominal on-board corrective maneuver capability (~20-50 and ~170-200
m /s minimum total AV estimated, respectively, for guided and spin-
stabilized escape propulsion augmentation systems). Since there is little
criticality attached to the escape corridor beyond swingby encounter, a post-

engagement corrective maneuver capability is not envisioned.

Ideally, the implementation of the powered spacecraft conceptual
approach discussed in this report relies on the use of a simple, energetic
propulsive system that is not severely hampered by launch windows or celes-
tial mechanics constraints. However, in selecting a direct flight devoid of
gravity assist, a penalty is paid in the degradation of sophistication assigned
to the spacecraft or science package. Conversely, the Jupiter swingby alter-
nate may represent a more nearly optimum tradeoff between guidance/vector
delivery accuracy and science package/spacecraft sophistication or mission

worth.

Of course, the launch window(s) have other far-reaching ramifications
that affect the relative displacement of the magnetosphere, minimum launch
energy, and hence, propellant weight. Moreover, as the vectoring accuracy
requirements become more severe due to launch corridor constraints, solid

propulsion systems become less attractive.

Although the bulk of these tradeoffs are outside of the scope of this
study, they are mentioned in order to place the proper perspective on any

future work.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The following basic conclusions have been derived from this study:

1.

A class of missions ot scientific significance (e.g., solar escape
and extra-ecliptic probes) has been identified that could utilize a

simple, energetic propulsion system.

A problem arises in that the performance of existing launch
vehicles (as energetic as the Saturn V and shuttle-Centaur base-
ment vehicles) and state-of-the-art motors is inadequate or

marginal.

A solution has been offered in the form of tailored solid motor

upper stages (powered spacecraft concept) developed to augment
launch vehicle performance. This approach would be especially
favorable if the new multistage concept based on the conesphere

motor (Appendix A) were to be adopted.

The advantages of such a conceptual approach include low cost,

high reliability, and reduced flight time.

The gross feasibility of adapting solid propulsion systems to the
powered spacecraft concept has been demonstrated in conjunction
with several existing and projected basement vehicles. These
include the space shuttle, Titan, and Titan/Centaur family launch

vehicles.

The Jupiter swingby alternate was judged to be a more cost-
effective means of effecting solar escape than the direct-flight

baseline mission.

Launch energy margins have been identified for each of the most
promising designs in which the upgrading of spacecraft sophisti-

cation and mission worth can be exploited in future studies.

Advanced propulsion systems and alternate spacecraft approaches
can be assessed for more advanced applications in which there is

a need for accurate vector delivery requirement.

Based on work performed during the conduct of this study, several

regions of high-yield payoff have been identified in which advanced technology
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development efforts could be fruitfully directed at the present time, such as

the development of unusually high mass fraction solid propellant motors.
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VII. RECOMMENDED FUTURE WORK

To lend further credibility to the results derived, it is recommended

that additional studies be conducted to verify the results to date and address

currently unanswered questions. Specific recommendations for future work

are as follows:

1.

Perform an in-depth mission application study in which interdis-
ciplinary inputs are provided to investigate the interactions of
spacecraft propulsion (both chemical and electric), environmen-
tal constraints, data management, ground station dedication,
spacecraft design, mission and operational requirements, etc.,

and their effects on mission performance and overall program

costs.

Embody maturing technologies and mission data resulting from
the Pioneer flights, Outer Planets Project, and related advanced

technology development efforts to verify the conclusions drawn

to date.

Exploit launch energy margins that may exist and upgrade the

sophistication of the scientific missions that can be performed.

Evaluate the feasibility of alternate propulsive and spacecraft
approaches to implement more sophisticated mission profiles.
These approaches may entail the use of advanced liquid and
electric propulsion systems or dual-mode operational spacecraft
capable of extending the mission application potential to include

solar probes, rendezvous, and outer planetary probes.
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Table 1. Baseline typical science payload
Experiments Weight, kg (lbm) Power, W
Helium vector 2.2(4.8)— 3.6 (8.0) 4.1—-5.2
magnetometer
Plasma 2.7(6.0)— 4.5 (10.0) 2.0—12.6
Cosmic ray 3.1(6.8)— 4.5 (10.0) 2.2—5.0
Total 8.0 (17.6) — 12,6 (28.0) 8.3 —22.8
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Table 2. Additional science experiments

Experiments Weight, kg (lbm) Power, W
Ac magnetometer 1.8(4.0) —3.2(7.0) 3—-5
Electron energy detector 2.7(6.0) —4.5(10.0) 2 —5
Lyman-alpha photometer 1.4 (3.0) —3.2(7.0) 3.5 =5
Neutral particles 2.3(5.0) —7.3(16.0) 1 -3
Dust-particle detector 0.9 (2.0) —2.3(5.0) 0.7—-2
Total 9.1(20.0) —20.5 (45.0) 10.2 —20
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Table 3. Spacecraft weight estimate

Subsystem/system Mass, kg (1bm)
Structure 46.3(102) —68.0 (150)
Communications 9.98 (22) — 16.8(37)
Antennas 17.7 (39) — 20, 4 (45)

Data handling

Electrical power

Electrical distribution
Attitude control

Propulsion (wet)

Thermal control

Balance weight

Data storage

Control computer subsystem
Shielding

Science payload

5.44 (12) — 15.9 (35)
64.0 (141) — 74. 8 (165)
15.9 (35) — 18. 1 (40)
14.1 (31) —33.1(73)
37.6 (83) — 64. 4 (142)
5.90 (13) — 8. 17 (18)
2.27(5) —4.08(9)
18.1 (40) — 25,0 (55)
9.07 (20) — 19, 1 (42)
3.18 (7) — 7. 26 (16)

8.62 (19) — 33.1 (73)

Gross payload

258 (569) — 408 (900)
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Table 4.

Representative state-of-the-art and advanced

technology propulsion performance characteristics

State-of-the-art Option 1 | Option 2 | Option 3
Motor weight, kg (lbm) 90.7 453.6 4536
(200) (1000) (10,000)
Motor mass fraction 0.91 0.93 0.935
Vacuum specific impulse, Ns/kg (lbf-s/lbm) 2844 2903 2913
(290) (296) (297)
Stage mass fraction -- 0. 885 --

Advanced technology propulsion prediction (performance prediction

after 7 years R&D)

Motor weight, Kg (lbm) 90,7 453.6 4536
(200) (1000) | (10,000)
Motor mass fraction 0.94 0.955 0.96
Vacuum specific impulse Ns/kg (lbf—s/lbm) 2942 3001 3011
(300) (306) (307)
Stage mass fraction -- 0.91 --
Advanced conesphere propulsion (see Appendix A)
Vacuum specific impulse, Ns/kg(lbf-s/lb ) 3001
m
(306)
Stage mass fraction 0.935
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Table 5.

Propulsive performance influence coefficients

Influence coefficients

Number aMO , aMO , 8M0 aMO’ 81\/IO
of stages aMPL ov alsp ’ S an
kg/kg kg /mps kg/s kg/unit s kg/stage
(lbm/lbm) (lbm/fps) (lbm/s) (lbm/urut s) (lbm/stage)
3 112 14.9 -560 -3091 -9472
(10.0) (-1236) (-6816) (-20880)
6 80.2 8.77 -329 -1252 -844
(5.89) (-726) (-2760) (-1860)
9 74.7 7.86 -295 -1002 -288
(5.28) (-650) (-2208) (-634)
A tions: C, = 250 km>/s%, M = 272 kg (6001b
ssumptions: 3 = m /s, PL ° g ( m)’
ISp = 3001 Ns/kg(306 1bf—s/lbm), by = O.9l(|¢p = 0.955).
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Table 7. Maximum vis-viva energy levels of candidate solid
upper stages employing aluminized propellant
and launched from the space shuttle system
with a 272-kg (600-1bm) payload

2 Number of stages

M,, kg (Ib__
2 3 4 5 6 7 8 9 10

6804 (15000) 123 136 14] 144 146 147 148 149 149
9072 (20000) 141 157 164 168 171 172 173 174 175
11340 (25000) 154 174 183 187 190 192 194 195 196
13608 (30000) 165 188 198 203 207 209 211 212 213
15876 (35000) 174 200 211 217 221 223 225 227 228
18144 (40000) 182 211 223 229 233 236 238 240 241
20412 (45000) 189 220 233 240 245 248 250 251 253
22680 (50000) 195 228 242 250 255 258 260 262 263
24948 (55000) 200 236 251 256 264 267 270 272 273
27216 (60000) 205 242 258 267 272 276 279 281 282
29484 (65000) 209 249 266 275 280 284 287 289 290

31752 (70000) 213 254 272 282 288 292 294 297 298

aMO = gross upper-stage weight (powered spacecraft weight),
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Table 13. Out-of-ecliptic capabilities for most
cost-effective launch vehicles

Celestial Radial Flight

, Kk g
Basement vehicle C4 max, ka/SZ Ve m/s latitude, distance from time,

(fps) deg sun, AU days

T